High heavy metals content is the major drawback of sludge resource, especially for sludge derived from an industrial wastewater treatment plant. A novel and more environmentally friendly kind of chelating agent, GLDA, was employed to treat sludge contaminated by heavy metals in the present study. The effects of the GLDA concentration, pH, and reaction time on sludge heavy metals availability and removal were investigated, and the response surface methodology (RSM) based on the Box-Behnken design was employed to optimize these parameters. The results showed that the higher GLDA concentration and the lower pH led to the higher removal rate of heavy metals, but the effect of longer reaction time is not obvious. The optimum conditions of extraction reaction at a GLDA concentration of 0.05 mol·L -1 , pH of 3.56, and reaction time of 2.05 h, under the optimum conditions that the comprehensive heavy metals removal rate was 76.40%, and the extraction efficiencies of Cd, Cu, Pb, and Ni can reach 81.04%, 77.35%, 67.75%, and 75.78%, respectively. Analyzing the response surface plots and contour plots indicated that the effect of pH was more significant than GLDA concentration and reaction time. Scan electron microscope (SEM) observation demonstrated that the flocculent structure of sludge was replaced obviously by mass structure and the layered structure after treatment. Meanwhile, adsorption ability and volume were reduced. The research results also showed that the GLDA treatment sludge can effectively reduce sludge heavy metals content and improve chemical stability, which is advantageous to the sludge dewatering and its further processing and utilization.
Introduction
Excess sludge is the largest by-product of the wastewater treatment process, creating huge quantities of sludge that need to be disposed of according to the techniques currently employed for wastewater treatment. One of the most potential treatments of sludge is the land application for valuable components recycling, such as nitrogen, phosphorus, and organic matter. However, the problem is that sludge also contain high levels of heavy metals, which is one of the biggest obstacles to sludge land application. Heavy metal is one of the most dangerous materials in contamination sludge, such as copper, chromium, cadmium, lead, and mercury. They are nonbiodegradable and could be stabilized in the environment [1] . When heavy metals enter the human body or other living organisms through drinking water as well as the food chain, they will cause many diseases and allergies, and finally destroy the body [2] . Sludge contaminated with heavy metals also has a serious threat to sustainable development of human health and the environment [3] [4] . Therefore, the heavy metals treatment of excess sludge has attracted attention all over the world owing to its high content, toxicity, and risk to the environment [5] [6] [7] .
There are many methods for heavy metals removal of sludge, such as chemical extraction, electrochemical, ultrasonic, biological, microorganism, and phytoremediation technologies, and these methods can be divided into 3 types: physical, chemical, and biological methods [5] , of which chemical extraction is one of the most commonly and widely used methods for heavy metals removal of sludge due to its simple operation and efficiency [8] . The agents used for heavy metals removal include citric acid (CA), Ethylenediaminetetraacetic acid (EDTA), ethylenediaminedisuccinic acid (EDDS), and Fenton. Among these agents, EDTA is used for leaching, repairing, and mobility prediction research of heavy metals in contamination medium frequently, and has been proven to be an effective chelating agent for heavy metals removal. However, it is poorly biodegradable and liable to cause secondary pollution [9] . EDDS is a biological chelating agent with the ability to biodegrade, and can stability chelate with metals [10] , but the high cost of the EDDS limits its popularization and application [11] . There are also some drawbacks in Fenton oxidation heavy metals treatment of sludge, including its low optimum reaction pH (pH = 2-3), high salt condition, and the difficult subsequent processing of sludge [12] [13] . Therefore, in the selection stage of the agents used for heavy metals removal with chemical extraction, these limitations should be taken into account, and it is imperative to seek a more environmentally friendly agent to replace such ligands.
Recently, a novel and more environmentally friendly kind of chelating agent, tetrasodium of N, N-bis (carboxymethyl) glutamic acid (GLDA), has been introduced and has garnered the attention of researchers [14] . GLDA is a biodegradable chelant made from plant materials based on the green chemistry process [15] [16] . Compared to EDTA, GLDA exhibits similar ability and efficiency for heavy metals treatment [17] , GLDA as a washing chelator for the heavy metals treatment of contaminated soil and dry sludge has been reported by Wu et al. [18] and Wang et al. [19] , and results of Wu showed that GLDA could remove more than 80% of Cd, Ni, and Cu of dry sludge. However, there are few studies on the utilization of GLDA as a chelating reagent to remove heavy metals from industrial sludge before dewatering, it is well-known that sludge contains lots of water and dewatering of the sludge is a big challenge for its volume reduction and transportation and disposal cost savings. Thus, in this study, GLDA is expected to improve sludge dewatering performance and to achieve the heavy metals removal at the same time, which is the key point conducive to popularization and application of the GLDA utilization in heavy metals treatment of sludge before dewatering. Additionally, in order to consider the interaction effects between the extraction factors of the sludge treatment with GLDA, the response surface methodology (RSM) [20] [21] , a useful experimental design and analysis tool, was employed to obtain the optimum reaction conditions. Pioneer works have proven that RSM as a powerful statistical tool could optimize the process parameters and be used for experiment design, model building, evaluating the effects of several factors, and reduce the number of experiments.
The objectives of this work were: 1) Evaluate the heavy metals removal effect from excess sludge before dewatering using an environmentally friendly chelating reagent GLDA. 2) Optimize extraction factors, including GLDA concentration, pH, and contact time to achieve the highest removal of heavy metals. 3) Investigate heavy metals distribution of the sludge sample before and after under the optimization extraction conditions with the aid of GLDA using the BCR sequential extraction procedure. 4) Moreover, the apparent morphologies of the raw and treated sludge were also described using scanning electron microscopy (SEM) in order to evaluate sludge dewatering performance and the heavy metals removal effect.
Materials and Methods

Excess Sludge and Chemical Agents
The excess sludge used for the extraction experiment in this study was collected from a secondary sedimentation tank of industrial wastewater treatment station of Chery Automobile Co., Ltd., (Wuhu, China). The characteristics of the raw sludge are shown in ), and GLDA (40% of water solution) -all purchased from Hao Rui Chemical Co., Ltd.
(Shanghai). All chemicals were analytical grade agents and distilled water was used for solution preparation.
Single-Factor Experiments
The single factor experiments were carried out in a beaker flask to investigate the effects of GLDA concentration (C = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 mol·L Batch extraction experiments were conducted in aqueous suspension systems. For each run we prepared 250 ml beaker flasks and put 200 mL raw sludge into each. For the GLDA concentration effect investigation, first we added GLDA solution to adjust the concentration to 0.01, 0.02, 0.03, 0.04, 0.05, and we0.06 mol·L -1 , respectively. At the same time, we fixed the reaction time at 1 h and did not adjust pH of the solution. Then the suspensions were processed at 250 rpm for 60 min at 20°C. Last, the reaction solution was filtered through a 0.45 μm membrane filter and the filtrate and the solid sludge were properly pretreated for analysis. Based on the optimum GLDA concentration determined, we adjusted the pH values of suspension systems for 3, 4, 5, 6, 7, and 8 using HNO 3 , and set contact times of 1, 2, 3, 4, 5, and 6 h, and reacted of the suspension systems under the same conditions in order to investigate the effects of pH and contact time on metals removal. Meanwhile, we took the GLDA-free raw sludge as the control.
Experimental Design of RSM
A RSM approach based on Box-Behnken design (BBD) was employed to optimize the extraction factors for heavy metals removal of sludge, and three factors GLDA concentration, pH and contact time were selected for designing the experiment that marked as coded X 1 , X 2 , X 3 , which represent the independent factors of low, medium, and high levels. Take the comprehensive heavy metals removal rate (Y) as the response value, and the ranges and levels of independent factors of this experiment are shown in Table 2 . There are a total of 17 experiments, with 12 experiments for factorial design and 5 experiments for replication of the central point.
Analytical Methods
Both the raw sludge and the reaction suspensions after experiment were filtered through a 0.45 μm membrane filter, then the filtrate was properly stored at 4ºC and the solid sludge was dried by oven at 105ºC for 24 h, ground, and sieved by 180 μm prior to analysis. The pH value of the raw sludge and the reaction suspensions was determined by a digital pH meter (6010M, Shanghai, China). The sludge samples were digested successively with the aid of the aqua regain and perchloric acid solution at 185ºC and 205ºC for 3 and 7 hours. The concentrations of the heavy metals in the filtrate and digestion solutions were measured by atomic absorption method (TAS-990, Beijing Purkinje General Instrument Co., Ltd.). The species distribution of heavy metals of the sludge sample before and after the experiment with GLDA were analyzed using the modified BCR sequential extraction procedure [22] [23] , there are four species following each extraction step, such as acid-soluble, reducible, oxidizable, and residual heavy metals that could be extracted, respectively. Additionally, the microstructure characterization of the sludge sample before and after experiment with GLDA was also analyzed using the scanning electron microscope (SEM) (Hitachi S-4800, Japan) method.
In this work, RSM and predictive polynomial quadratic equation were employed in order to determine the optimum extraction conditions. Sludge comprehensive heavy metals removal rate (Y) was introduced as the response value for the curve, and the shape and the contour of the response surface were analyzed. The value of Y was based on the toxic metals Cd, Cu, Pb, and Ni on the environment [24] , which according to the analytic hierarchy process (AHP) [25] [26] 
Results and Discussion
Effect of GLDA Concentration
Agents' concentration is one of the important factors affecting the removal efficiency of heavy metals in sediment [27] . In order to examine the effect of GLDA concentration on the removal rate of heavy metals, six concentrations were tested in this study from 0.01 to 0.06 mol·L -1 under the same contact time (1 h), and did not adjust pH of the solution. The result showed as in Fig. 1 .
It can be observed that the removal rates of Cd, Cu, Pb, and Ni were all increased with the increase of GLDA concentration ( Fig. 1) , which showing a trend of significant rise first and then stabilized in the end. The highest removal rates of Cd, Cu, Pb, and Ni were at a GLDA of 0.05 mol·L -1 , which were 81.20%, 62.50%, 58.76%, and 66.03%, respectively. At the same time, the contents of heavy metals in sludge were decreased from 40. 3 , respectively. Meanwhile, the heavy metals contents in suspensions supernatant were analyzed in order to determine the metals transfer from solid phase to liquid phase of sludge under GLDA extraction, results showing that the contents of Cd, Cu, Pb, and Ni increased obviously in the supernatant, and they increased from 0.049, 0.012, 0.164, and 2 g·mL -1 to 0.089, 0.0195, 0.2604, and 3.3206 g·mL -1 , respectively. The reason for this result was that a higher concentration of chelating agent could bind to more heavy metals ions, which promoted metals ion-ligand complexing reaction transferring to the chelate formation process and increased removal efficiency [17] [18] . However, co-solubilization effects between the target heavy metals and co-existing metals such as Ca, Mg, Fe, and Al might result in reducing removal efficiency [19] . In addition, the removal efficiency of the four kinds of metals under GLDA treatment was ordered as follow Cd > Ni > Cu > Pb.
Effect of pH
In general, acidic condition is beneficial for heavy metals removal and the removal efficiency significantly decreased with the increasing pH. In other words, the heavy metals are easy to depose and became difficult to be removed when the condition in alkaline by regulating the metals chelant stability constants, ion-exchange, the sorption or desorption reactions a nd the aqueous metals fractions [28] . However, an overly acidic or alkaline condition is not good for the subsequent processing of sludge. So, in this work the value of pH was discussed among 3, 4, 5, 6, 7, and 8 to investigate pH effects on metals removal, and the results follow as Fig. 2 .
The removal rate of heavy metals gradually decreased, with pH increasing from 3 to 8 (Fig. 2) . The highest removal efficiencies for Cd, Cu, Pb, and Ni were achieved at pH 3: 68.42%, 84.51%, 66.52%, and 74.05%, respectively. Meanwhile, the heavy metals contents in the sludge dropped to 12.37, 7.17, 55.05, and 632 mg·kg -1 . The minimum removal rates for Cd, Cu, Pb, and Ni were 16.51%, 14.51%, 11.41%, and 16.51%, respectively, when pH increased to 8. This result was similar to the study conducted by Wu et al. [18] , which showed that the extraction efficiency of heavy metals was best achieve at pH 3. Heavy metals removal efficiency influenced by the intensity of the solution of proton movement, the proton intensity increasing at the right area of the acid, then the heavy metals removal effect was obvious. On the other hand, heavy metals ion precipitation reaction can also affect removal efficiency when the pH value increased to alkali [29] .
Effect of Contact Time
Pioneer [23] research showed that 24 h was the optimum reaction time of extraction reaction for metals removal of dry sludge. In order to analyze the effect of the contact time on heavy metals removal efficiency of sludge before dewatering, experiments of different reaction time (1, 2, 3, 4 , 5, and 6 h) were conducted in this study, the results follow as in Fig. 3 . It can be seen from Fig. 3 that, compared to the control group, the sludge before dewatering extraction for 2 h by GLDA that the removal rates of Cd, Cu, Pb, and Ni increased from 3.70%, 6.87%, 4.50%, and 1.73% to 73.28%, 72.21%, 71.98%, and 71.22%, respectively. Meanwhile, heavy metals content of the corresponding decreased to 10.77, 12.87, 46.07, and 700.91 mg·kg -1 in sludge solid phase. After that, the removal rate of each heavy metal reached a stable state and didn't increase with the increasing contact time. The reason for the results was that the chelation was saturated gradually with the heavy metals desorption and dissolving reaction when the completion of basic chelation late into the sludge matrix after the optimum contact time [30] . Normally, with time increasing, the more closely combined with the sludge of heavy metals are released slowly and finally reached a state of balance [15] .
Optimizing Cd, Cu, Pb, and Ni Removal Using RSM
Model Fitting and Analysis of Variance
Experiments for heavy metals removal using GLDA extraction and with different combinations of selected factors were conducted in this work, and the results of all 17 tests are summarized in Table 3 . To evaluate the influences of GLDA concentration, pH value, and contact time on removal rate, the design matrix of experimental conditions with the corresponding Y value in Table 3 were subjected to regression analysis, and the general form of the predictive polynomial quadratic equation is as follows (1) 
Analysis of variables for a polynomial quadratic equation and test of significance for regression coefficients are completed, and the results follow in Table 4 . The F value of the model was 23.25, and Prob > F = 0.0002 (if p < 0.05, suggests the model is significance [31] ), lack of fit is not significant (P value = 0.4540 > 0.05), which showed that the model reached the level of significance with the correlation coefficient of a 0.9676. The results also indicated that the model in the study of the whole fitting regression area was good, which can explain a 96.76% change in the response value [32] . R Adj 2 -R Pred 2 = 0.9260 -0.7407 = 0.1853 < 0.2, CV = 4.13% < 10% indicates that the reliability and precision of the experiment were good and high enough. Accuracy of the model was assessed through "adequate precision," which measured the signal-to-noise ratio, and if a ratio is greater than 4 is desirable for more accuracy. The ratio of this model was 12.055, indicating an adequate signal. The result showed that this model can be used to navigate the design space, and provides an adequate signal to present the truth of the model [33] .
The significance test of regression model coefficient (Table 4) reflects that X 2 and quadratic terms X 1 2 , X 2 2 , and X 3 2 were very significant for heavy metals removal. At the same time, the impact on Y of F value from high to low the order was X 2 , X 1 , and X 3 , and the influence of the interaction item followed as X 1 X 2 , X 1 X 3 , and X 2 X 3 , whereas the impact of the quadratic items followed as X 3 2 , X 1 2 , and X 2 2 . Integrated multiple parameters showed that the model was reasonable and reliable, and the relationship between the independent and dependent variables was also reasonable. All these results indicated that the regression model could be used to optimize the removal rate of heavy metals. Notes: P<0.05, significant, sign"*"; P<0.01, very significant, sign"**", R 2 = 0.9676, R 2 Adj = 0.9260 Table 4 . Analysis of variables for regression equation and test of significance for regression coefficients. Fig. 4 . Effects of C and pH on removal rate in response to surface and contour plots.
Analyzing RSM and Determining Optimization Factors
Following the RSM plots and its corresponding contour lines, the experimental factors interact on the removal rate of heavy metals composite, and the scope of the optimal levels of various factors can be evaluated and determined. The response surface figure reflects the shape of the response surface, and shows that the greater the interaction, the larger the curvature of surface between the factors [34] . Contour shape reflects the strength of the interaction effect of various factors: if the contour plot is oval, it indicates that the interaction between two factors is significant; otherwise, there is no significant interaction when the contour plots are circular [35] .
The three-dimensional response surfaces plots and two-dimensional contour lines in Figs 4-6 were based on Eq. (1) with one variable kept constant at its optimum level and varying the other two variables within the experimental range. Fig. 4 was the interaction of GLDA concentration and pH on heavy metals removal efficiency of sludge at the medium value of reaction time of 2 h, of which the removal rate decreased with pH increasing at the low level of GLDA concentration. The value of Y reached minimum at pH 5. Meanwhile, heavy metals removal rate was promoted first and then decreased with the concentration of GLDA increasing. The removal rate of heavy metals was improved with the GLDA concentration rising until it was over 0.05 mol·L -1 . Combined with the contour, the change of pH value showed a significant effect on the heavy metals removal rate. Therefore, under the conditions of low pH and proper reaction time it could improve the removal rate of heavy metals.
The interaction of GLDA concentration and contact time on metals removal at the medium value of pH is presented in Fig. 5 , which shows that the trend of heavy metals removal rate increased with reaction time increasing at the first, and then decreased when GLDA concentration was at a low level. And with increasing the dosage of the GLDA, heavy metals removal rate increased slowly, then stayed stable and decreased slightly in the end. This may be due to the chemical bonds breaking of sludge suspensions when the chelating agent concentration and contact time increased [36] . Consistent with the variance analysis results, the impact of GLDA concentration on heavy metals removal rate Fig. 5 . Effects of C and T on removal rate in response surface plots and contour plots. Fig. 6 . Effects of pH and T on removal rate in response surface plots and contour plots. was more significant than reaction time, according to the contour lines. Fig. 6 revealed that at the medium value of GLDA concentration, the interaction of pH and reaction time on removal efficiency of heavy metals. It can be seen from Fig. 6 that when pH value was at a low level, heavy metals removal rate increased slowly with the reaction time increasing and then decreasing. However, the heavy metals removal rate was decreased at a higher pH value. Combined with the contour, the change of pH value showed a significant effect on the heavy metals removal rate. Therefore, under conditions of low pH and proper long reaction time we could improve the removal rate of heavy metals.
According the experiment data, the optimum conditions of Y maximization, which can be calculated by setting the partial derivatives of Eq. (1) 
Analyzing the Fractions Distribution of Heavy Metals
We can see from the results of RSM that the removal efficiencies of four kinds of heavy metals were different even under the same conditions, which may be associated with the formation of heavy metals in sludge [37] . Removal efficiency is largely restricted by fractions distribution of heavy metals, and different fractions lead to different removal rates. In general, acid-soluble metals are unstable and vulnerable to be influenced by the external environment, such as pH and humidity, and is the most easily absorbed by plant and has a higher biological effectiveness. In other words, it is easy to be removed from the system [38] . Therefore, the higher acid-soluble content leads the higher removal efficiency of metals. Base on this, the distribution of heavy metals fractions in sludge before and after treatment by GLDA were analyzed (Fig. 7) .
Metals of sludge in the acid-soluble, reducible, and oxidizable fractions were the most easily extractable. Therefore, after GLDA treatment there was a significant decrease of such fractions of all kinds of metals (Fig. 7) , this result was same as the previous research conducted by Wang et al. [19] . Fig. 7 shows that the fractions distribution of heavy metals changed a lot, especially acid-soluble of Cd, Cu, Pb, and Ni got the removal rate largely, of which 31.01%, 22.50%, 19.18%, and 30.04% acid-soluble of Cd, Cu, Pb, and Ni decreased to 6.43%, 11.56%, 2.43%, and 14.95%, respectively. Meanwhile, reducible and oxidizable fraction metals also got removal rates that decreased by 0.38%, 3.91%, 10.31%, 12.38%, 16.91%, 13.98%, 5.44%, and 4.75%, respectively. On the other hand, the residual metals were the most stable fractions of the heavy metals, and the residue state contents of Cd, Cu, Pb, and Ni were 68.01%, 72.40%, 83.42%, and 44.16%, respectively. Compared to the other three kinds of heavy metals, the higher residual metals content of Pb led to lower extraction efficiency.
Analyzing the Apparent Morphology of Sludge
We used the SEM method to observe and evaluate changes of the morphology and microstructures of the sludge before and after GLDA treatment. Solid samples of the sludge dried at 80°C for 24 h, ground into powder, and sprayed gold, and then observed the apparent morphology under 5.0 mm. at 5.0 kv 8.8 mm ⋅ 10.0 k ratio condition (Fig. 8) .
It can be found that the surface of sludge was dispersed flocculent structure before treatment, and the structure of zoogloea was relatively complete (Fig. 8 ) [39] , which makes the sludge have a larger adsorption capacity and higher water content. It was obvious that the mass structure and layer structure was formed in sludge after GLDA treatment, zoogloea was destructed, sludge dewatering performance was improved, and then heavy metals in the solid phase were released into liquid phase. Meanwhile, the apparent morphology change of the sludge showed that a chelate reaction between GLDA and sludge caused a volume and adsorption capacity of sludge decreasing, which could promote the release of heavy metals and improve the sludge dewatering performance. 
Conclusions
We investigated chemical extraction of heavy metals from sludge before dewatering using biodegradable chelants GLDA, and the RSM method was used to seek optimal conditions for extraction. Additionally, the distribution of heavy metals and the apparent morphology of the sludge sample before and after treatment under optimized extraction conditions were investigated to evaluate the sludge dewatering performance and the heavy metals removal effect. The single factor experiment results showed that GLDA concentration, pH, and contact time significantly influenced the removal rates of Cd, Cu, Pb, and Ni, and the highest removal rate of Cd, Cu, Pb, and Ni were achieved at a GLDA of 0.05 mol·L -1 , a pH of 3, and a contact time of 2 h. According to RSM experiments, the optimum conditions were 76.40% of the comprehensive heavy metals removal rate at GLDA 0.05 mol·L -1 , pH = 3.56, and reaction time 2.05 h. The results of the confirmation experiments agree with predictions that were 75.26%, 75.78%, and 77.35%. The metals fractions distribution and the apparent morphology of the sludge changed a lot after GLDA treatment, which showed that a chelate reaction between GLDA with sludge could promote the release of heavy metals and improve the sludge dewatering performance. The research results also showed that the GLDA treatment sludge can effectively reduce sludge heavy metals content and improve chemical stability, which was advantageous to sludge dewatering and its further processing and utilization.
